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ABSTRACT
The presence of multiple populations is now well-established in most globular clusters
in the Milky Way. In light of this progress, here we suggest a new model explaining
the origin of the Sandage period-shift and the difference in mean period of type ab
RR Lyrae variables between the two Oosterhoff groups. In our models, the instability
strip in the metal-poor group II clusters, such as M15, is populated by second gener-
ation stars (G2) with enhanced helium and CNO abundances, while the RR Lyraes
in the relatively metal-rich group I clusters like M3 are mostly produced by first
generation stars (G1) without these enhancements. This population shift within the
instability strip with metallicity can create the observed period-shift between the two
groups, since both helium and CNO abundances play a role in increasing the period
of RR Lyrae variables. The presence of more metal-rich clusters having Oosterhoff-
intermediate characteristics, such as NGC 1851, as well as of most metal-rich clusters
having RR Lyraes with longest periods (group III) can also be reproduced, as more
helium-rich third and later generations of stars (G3) penetrate into the instability
strip with further increase in metallicity. Therefore, although there are systems where
the suggested population shift cannot be a viable explanation, for the most general
cases, our models predict that the RR Lyraes are produced mostly by G1, G2, and
G3, respectively, for the Oosterhoff groups I, II, and III.
Key words: Galaxy: formation – globular clusters: general – globular clusters: indi-
vidual (M15, M3, NGC 6441) – stars: horizontal-branch – stars: variables: RR Lyrae
1 INTRODUCTION
One of the long-standing problems in modern astron-
omy is the curious division of globular clusters (GCs)
into two groups, according to the mean period (〈Pab〉)
of type ab RR Lyrae variables (Oosterhoff 1939). Under-
standing this phenomenon, “the Oosterhoff dichotomy”,
is intimately related to the population II distance scale
and the formation of the Milky Way halo (Sandage 1981;
Lee, Demarque & Zinn 1990; Yoon & Lee 2002; Catelan
2009, and references therein).
van Albada & Baker (1973) first suggested “hysteresis
mechanism”, which explains the dichotomy as a difference
in mean temperature between the type ab RR Lyraes in two
groups. That this cannot be the whole explanation for the di-
chotomy became clear when Sandage (1981) found a period-
shift at given temperature between the RR Lyraes in two
GCs representing each of the Oosterhoff groups, M15 and
M3. Sandage suggested that this shift is due to the luminos-
ity difference, which, however, required that the RR Lyraes
⋆ E-mail: ywlee@csa.yonsei.ac.kr
in M15 are abnormally enhanced in helium abundance.
Lee, Demarque & Zinn (1990, hereafter LDZ I), on the other
hand, found that RR Lyraes evolved away from the zero-age
horizontal-branch (ZAHB) can explain the observed period-
shift when the HB type (Lee, Demarque & Zinn 1994, here-
after LDZ II) is sufficiently blue. In the case of M15, which
has a blue tail (or extreme blue HB; EBHB) in addi-
tion to normal blue HB (Buonanno et al. 1985), it was not
clear though whether this evolution effect alone can repro-
duce the period-shift. More recent colour-magnitude dia-
grams (CMDs) for other metal-poor Oosterhoff group II
GCs, NGC 4590, 5053, and 5466 (Walker 1994; Nemec 2004;
Corwin et al. 1999), also show that the HB types for these
GCs are too red (HB Type ≈ 0.5) to have enough evolu-
tion effect. This suggests that a significant fraction of RR
Lyraes in these GCs, including M15, are probably near the
ZAHB. Therefore, the complete understanding of the differ-
ence between the two Oosterhoff groups still requires further
investigation.
Recent discovery of multiple populations in GCs is
throwing new light on this problem. Even in “normal”
GCs without signs of supernovae enrichments, observa-
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tions and population models suggest the presence of two
or more subpopulations differing in helium and light ele-
ments abundances, including CNO (Gratton et al. 2012a,
and references therein). It was suggested to be due to the
chemical pollution and enrichment by intermediate-mass
asymptotic giant branch (AGB) stars, fast-rotating mas-
sive stars, and/or rotating AGB stars (Ventura & D’Antona
2009; Decressin et al. 2007, 2009). Since the colour of the HB
is sensitively affected by age, helium and CNO abundances
(see LDZ II), each subpopulation in a GC would be placed
in a different colour regime on the HB. Similarly, this would
affect the period of RR Lyraes as the variation in chemical
composition would change the luminosity and mass of a HB
star within the instability strip, by which the period is de-
termined when temperature is fixed (van Albada & Baker
1973). The purpose of this Letter is to suggest that, in the
multiple populations paradigm, the difference in period be-
tween the two Oosterhoff groups can be reproduced as the
instability strip is progressively occupied by different sub-
populations with increasing metallicity.
2 POPULATION SHIFT WITHIN THE
INSTABILITY STRIP
Photometry of M15 shows, ignoring a few red HB stars,
three distinct subgroups on the HB: RR Lyraes, blue HB,
and the blue tail (see Fig. 1, upper panel). Interestingly,
other metal-poor group II GCs without the blue tail, such as
NGC 5466 and NGC 4590, also show distinct gaps between
the blue HB and RR Lyraes (Corwin et al. 1999; Walker
1994). We assume that these subgroups and gaps are origi-
nated from distinct subpopulations in these GCs. According
to this picture, M15, for example, would contain three sub-
populations, while NGC 5466 and 4590 are consisted with
two subpopulations. Most of the colour spread on the HB
is then due to the presence of multiple populations, rather
than the mass dispersion (Catelan 2004). Therefore, in our
population modeling, the mass dispersion on the HB was
assumed to be very small (σM = 0.009 M⊙). Figure 1 (up-
per panel) and Figure 2 compare our models for M15 with
the observations. Our models are based on the updated Y 2
isochrones and HB evolutionary tracks, including the cases
of enhanced helium and CNO abundances. For the details
of our model construction, readers are referred to Joo & Lee
(2013).
In our modeling for M15, we start by placing the first
generation stars (G1) on the HB (see Fig. 1, upper panel).
By adopting [Fe/H] = -2.2 (Harris 1996) and the Reimers
(1977) mass-loss parameter η = 0.421, we find G1 would
be placed on the blue HB at the age of 12.5 Gyr. When
the blue tail is excluded, the HB type of M15 becomes 0.46
(Walker 1994), which is too red to have enough period-shift
from the evolution effect alone. This suggests that most,
if not all, RR Lyraes in M15 are produced by the second
generation stars (G2) with chemical compositions favorable
1 This value of η is somewhat smaller than the value (0.53) sug-
gested by Joo & Lee (2013). This is because helium-enhanced
subpopulations are included in their GC sample used in the η
calibration, while here we are adopting the value that would be
obtained when they are excluded.
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Figure 1. Comparison of our HB models for M15, M3-
like, and NGC 6441-like with the observed CMDs (data from
Buonanno et al. 1985, 1994; Bingham et al. 1984; Pritzl et al.
2003). In our model for M15 (group II), the blue HB belongs
to G1, while the RR Lyrae variables (open circles) are produced
by helium and CNO enhanced G2. The blue tail hotter than nor-
mal blue HB is progeny of more helium-rich G3. When this model
is shifted redward by increasing metallicity, the HB morphologies
similar to M3 and NGC 6441 are obtained, and the instability
strip becomes progressively populated by G1 and G3, respectively.
Adopted distance modulus and reddening are (m - M)V = 15.40,
15.24, & 17.25 mag and E(B - V ) = 0.08, 0.03, & 0.45 mag, for
M15, M3, and NGC 6441, respectively.
to produce RR Lyraes with longer periods. Both theories
and observations suggest G2 would be somewhat enhanced
in both helium and CNO abundances, preferably in metal-
poor GCs (Ventura & D’Antona 2009; Decressin et al. 2009;
Alves-Brito et al. 2012; Marino et al. 2012; Gratton et al.
2012b). While the enhanced helium abundance shifts the
HB to blue, both CNO enhancement and younger age for
G2 favor redder HB (LDZ II; Joo & Lee 2013). Thus, when
c© 2014 RAS, MNRAS 000, 1–5
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Table 1. Parameters from our best-fit simulation of M15
Population [Fe/H]a ∆ZCNO Y Age Mass Loss
b 〈MHB〉
c Fraction
(Gyr) (M⊙) (M⊙)
G1 -2.2 0 0.230 12.5 0.140 0.686 0.36
G2 -2.2 0.00026 0.245 ± 0.008 11.4 ± 0.2 0.142 0.684 0.22
G3 -2.2 0 0.327 ± 0.008 11.3 ± 0.2 0.129 0.589 0.42
a [α/Fe] = 0.3 for G1 & G2, 0.5 for G3.
b Mean mass loss on the RGB for η = 0.42.
c Mean mass on the HB.
∆Y is relatively small, the effects from CNO and younger
age would overwhelm the helium effect, and the net ef-
fect will move the HB to red. We find that ∆Y = 0.015,
∆ZCNO = 0.00026 (∆[CNO/Fe] = 0.47 dex), and ∆t =
1.1 Gyr between G1 and G2 would best match the obser-
vations, both distribution of RR Lyraes on the CMD (see
Fig. 1, upper panel) and the period-shift (see below). Some
evidence for the possible difference in CNO abundance be-
tween G1 and G2 in M15 is provided by Cohen et al. (2005),
who found a large spread in [N/Fe] (∼ 2 dex) among stars
having identical [C/Fe] in M15. This suggests that CNO
sum could be different if variation in [O/Fe] is not signifi-
cant among them. It is also interesting to note that out of
6 RGB stars observed in M15, Sneden et al. (1997) found
one (∼ 17 %) shows significant enhancement (∼ 0.4 dex) in
CNO abundance, roughly consistent with our ratio of G2
(∼ 20 %). Certainly, spectroscopy with a large sample of
stars, preferably at the lower RGB, is required to confirm
this scenario. Finally, many previous works suggest that the
blue tail (EBHB) would be produced by super-helium-rich
subpopulation (D’Antona & Caloi 2004; Lee et al. 2005;
Gratton et al. 2012b; Joo & Lee 2013; Kunder et al. 2013a),
and therefore we assign more helium-rich third and later gen-
erations of stars (hereafter collectively G3) for the progenitor
of EBHB. It is evident that some helium spread within G3
is required to reproduce the observed extension of the blue
tail, which is mimicked here by increasing mass dispersion
(σM = 0.023 M⊙). Table 1 lists our best fit input param-
eters for M15, where the population ratio is from distinct
subgroups observed on the HB of Buonanno et al. (1985)
It is interesting to see that when our HB model for
M15 is shifted redward by increasing metallicity, the HB
morphology similar to M3 (HB type = 0.08) is naturally ob-
tained. This is illustrated by a more metal-rich model in Fig-
ure 1 (middle panel). For this model, identical values of ages,
∆ZCNO, and mass-loss parameter η adopted for M15 have
been used, while the metal abundance varies from [Fe/H] =
-2.2 to [Fe/H] = -1.7. The helium abundances for G1 and G2
have also been fixed, while that for G3 has been reduced to
Y = 0.28, because otherwise our model would produce blue
HB that is too blue compared to the observation of M3.
Note that, because of the dispersion in helium abundance
among G3, at the red end of the blue HB for M3, which is
the critical regime for the Catelan et al. (2009) test, the en-
hancement in Y would be only ∼ 0.015 compared to the red
HB. Because the overall HB morphology is shifted to red,
the instability strip is now mostly occupied by G1, while the
red HB is populated by both G1 and G2. Consequently, the
gap, which was placed between the EBHB (G3) and blue HB
(G1) in our M15 model, is likewise shifted into the instabil-
 13
 14
 15
 16
 17
 18
 19
 20
 21
-0.4 -0.2  0  0.2  0.4  0.6  0.8  1  1.2
F8
14
W
(F606W - F814W)o
G1
G2
G3
Figure 2. Comparison of our population model with the ob-
served CMD for M15 (data from Anderson et al. 2008). Adopted
distance modulus and reddening are (m - M)F814W = 15.35 mag
and E(F606W - F814W) = 0.065 mag.
ity strip, which agrees well with the observation for M3 (see
Fig. 14 of Buonanno et al. 1994). Some evolved stars from
G1, G2 and G3 are also placed within the instability strip,
which would explain the presence of minority population of
brighter RR Lyraes with longer periods observed in this GC
(Cacciari et al. 2005). Further fine tuning of input parame-
ters, such as age, ZCNO, helium abundance, and population
ratio for each subpopulation would be required to obtain a
better match with the observation.
When the metallicity is increased further to [Fe/H] = -
0.7, our models yield the HB morphology that is analogous
to NGC 6441 (HB type = - 0.77), the Oosterhoff III GC with
longest 〈Pab〉 (lower panel). Again, ∆t and ∆ZCNO among
subpopulations, ∆Y between G1 and G2, and the mass-loss
parameter η are held identical to those adopted for M15. For
this model, however, absolute ages have been increased by
∼ 1 Gyr compared to M3-like model, and the mean value
of the helium abundance for G3 has been adopted to be
Y = 0.30. Note that the red HB is populated by all three
subpopulations, while G3 is penetrating into the instability
strip, producing RR Lyrae variables and some blue HB stars.
Figure 3 explains, using ZAHB models, the origin of
c© 2014 RAS, MNRAS 000, 1–5
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the Sandage period-shift effect between M15 (group II) and
M3 (group I) in the new paradigm. In our model for M15,
G2, which is enhanced in helium and CNO abundances,
are in the instability strip. While enhancement in helium
increases luminosity, enhancement in CNO reduces mass
of HB stars at given temperature. Both of these effects
play a role in increasing the period of RR Lyrae variables
(van Albada & Baker 1973) in our model for M15. Conse-
quently, in our synthetic HB models, where the full evolu-
tionary tracks are employed in addition to ZAHB models,
the period-shift between M15 and M3 is predicted to be
∆log P = 0.040, where P is in days. Adopting the tem-
perature shift of the fundamental blue edge (∆log Teff =
0.02) as a function of metallicity (Sandage 2006), the same
models yield the difference in mean period of type ab RR
Lyraes of ∆〈Pab〉 = 0.087 day. These values agree well with
the observed period-shift (∆log P = 0.044 ± 0.01; LDZ I)
and the difference in 〈Pab〉 (∆〈Pab〉 = 0.082 ± 0.02 day;
Clement et al. 2001) between these GCs. Despite the uncer-
tainty in the fundamental blue edge, the fraction of c type
RR Lyraes (fc) is predicted to be 0.48 and 0.13 for M15 and
M3, respectively, which should be compared with the ob-
served values, 0.53 and 0.18 (Clement et al. 2001). For our
NGC 6441-like model, we obtain ∆〈Pab〉 = 0.18 day and fc
= 0.22, which is in reasonable agreement with the observa-
tion (∆〈Pab〉 = 0.20 ± 0.02 day and fc = 0.33; Pritzl et al.
2003).
3 DISCUSSION
Figure 4 shows a schematic diagram that explains the main
points from our models. As discussed above, RR Lyraes in
the metal-poor group II cluster M15 are produced by he-
lium and CNO enhanced G2 (lower panel). When the HB
of this metal-poor model is shifted redward with increasing
metallicity, the instability strip becomes mostly populated
by G1 having Oosterhoff I characteristics (middle panel).
When this redward shift continues as metallicity increases
further, our models indicate that the instability strip would
be more populated by G3, producing first the transition case
between the groups I and III, having mildly helium enhanced
(Y ≈ 0.26) RR Lyraes with Oosterhoff-intermediate charac-
teristics, such as NGC 1851, as suggested by Kunder et al.
(2013a,b). Then, in the most metal-rich regime, if G3 are
present, GCs with RR Lyraes having more enhanced helium
abundance (Y ≈ 0.30) and longest periods like NGC 6441
(group III) would be produced (upper panel). Note that the
placements of G1 and G2 in this schematic diagram is valid
only for GCs where ∆t between G1 and G2 is similar to
that in the case of M15. If ∆t is much smaller than ∼ 1
Gyr as adopted in our models, for example, the RR Lyraes
in group I GCs would be more dominated by G2, while the
red HB becomes more populated by G1. It appears unlikely,
however, that these variations are common, because other-
wise most group I GCs would have Oosterhoff-intermediate
characteristics in period-shift and 〈Pab〉.
Some GCs like NGC 6397 show very small spread
in the colour on the HB, as well as in the Na-O plane
(Carretta et al. 2009), which suggest that these GCs are
probably consisted with only G1. Therefore, there are
cases/systems where the suggested population shift cannot
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Figure 3. Zero-age HB models explaining the origin of the
period-shift between M15 and M3 at given temperature (log Teff
= 3.83, vertical dashed line). While enhancement in helium in-
creases luminosity (middle panel), enhancement in CNO reduces
mass of HB stars at given temperature (lower panel). Both of
these effects play a role in increasing the period-shift of RR Lyraes
in M15 (see the text).
be a viable explanation for the Oosterhoff dichotomy. For
these GCs, evolution away from ZAHB (LDZ I) and some
hysteresis mechanism (van Albada & Baker 1973) are prob-
ably at works for the difference in 〈Pab〉 between the groups
I and II.
The Na-O anticorrelations observed in some HB stars
in GCs can provide an important test on our placements of
G1, G2, and G3 on the HB . For example, for M5, when the
division of G1 and G2 is made properly at [Na/Fe] = 0.1 as
suggested by Carretta et al. (2009), Fig. 9 of Gratton et al.
(2013) shows that ∼ 65 % of stars in the red HB have G2
characteristic, while ∼ 35 % are in G1 regime. This is in
agreement with the ratio of G2/G1 (∼ 2; see Fig. 1) in the
red HB of our model for M3-like GCs. For more metal-rich
GCs, our models predict that the red HB is roughly equally
populated by G1 and G2, which agrees well with the Na-O
observations for NGC 1851 and NGC 2808 (Gratton et al.
2012b; Marino et al. 2014). For the blue HB stars, these ob-
servations confirm that they belong to Na-rich and He-rich
G3. It is interesting to note that one RR Lyrae variable
in NGC 1851 was observed to be Na-rich like blue HB stars
(G3), which is consistent with our suggestion that NGC 1851
is a transition case between the Oosterhoff I and III. For the
group II GCs, the Na - O observation of HB stars is available
only for M22 (Gratton et al. 2014), which shows that the
blue HB stars right next to RR Lyraes have G1 characteris-
c© 2014 RAS, MNRAS 000, 1–5
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Figure 4. Schematic diagram illustrating the “population shift”
within the instability strip (thick dashed lines) with increasing
metallicity. For the most general cases, most of the RR Lyraes are
produced by G1, G2 (helium & CNO enhanced), and G3 (most
helium-rich), respectively, for the Oosterhoff groups I, II, and III
(see the text).
tic. While this is in qualitative agreement with our model for
M15, the interpretation is more complicated as this GC was
also affected by supernovae enrichment (Joo & Lee 2013,
and references therein). Certainly, spectroscopic observa-
tions for a large sample of RR Lyrae and horizontal-branch
stars in GCs representing two Oosterhoff groups, such as
M15 and M3, are urgently required to confirm our models.
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